Abstract. Neisseria meningitidis is the pathogen of epidemic encephalomyelitis and is responsible for permanent damage to the brain and nervous system. In the present study, the prokaryotic expression vector pGEX-6p-1/neisseria surface protein A (NspA) was constructed and the immune protective effect was investigated with the purified recombinant rNspA. Female BALB/c mice were immunized by intraperitoneal inoculation of rNspA, glutathione S-transferase (GST) or phosphate-buffered saline (PBS). The protection experiment in mice demonstrated that the protection rate of the rNspA group was 85% against the N. meningitidis strain MC58, and a serum bactericidal assay in vitro revealed that the serum bactericidal titer of the rNspA group reached 1:64 following three immunizations. The levels of specific immunoglobulin (Ig) A (SIgA), IgG, IgG1, IgG2a, IgG2b and IgG3 of mice in the rNspA group peaked at week six and were higher than those in the mice in the GST and PBS groups. The levels of stimulation index, interleukin-4 and interferon-γ in the culture supernatant of the spleen lymphocytes of the rNspA group increased in a time-dependent manner and were higher than those of the mice in the GST and PBS groups over the same period. The results suggested that rNspA may induce increased specific humoral and cellular immune responses, and that it is effectively protective against N. meningitidis serogroup B in mice. The present study offered novel evidence that may lead to the development of a novel effective N. meningitidis serogroup B vaccine.
Introduction
Neisseria meningitidis, the pathogen of epidemic cerebrospinal meningitis, induces permanent damage to the brain and nervous system (1, 2) . This pathogen is also responsible for the development of invasive diseases caused by N. meningitidis, including septicemia, pneumonia and arthritis (3) (4) (5) . Epidemic cerebrospinal meningitis has become a major public health problem, and developing novel methods to effectively control and prevent it has attracted worldwide attention.
Vaccinations are one of the major, most effective strategies for the control and prevention of diseases caused by N. meningitidis (4) . According to the molecular structure and antigenicity of capsular polysaccharide, N. meningitidis is divided into 13 serogroups (A, B, C, D, H, I, K, L, X, Y, Z, 29E and W135), among which N. meningitidis serogroup A, B and C cause ≤90% of meningitis cases (6, 7) . At present, vaccines in specific to N. meningitidis serogroup A, C, Y and W135 based on capsular polysaccharides have been successively developed, which have been proved to effectively control the prevalence of epidemic cerebrospinal meningitis caused by the corresponding serogroup (8) (9) (10) . However, recent studies have revealed that the probability of a significant increase in the prevalence of epidemic cerebrospinal meningitis caused by N. meningitidis serogroup B is high (11, 12) . Despite the fact that capsular polysaccharide occurs on the surface of N. meningitidis serogroup B, it is likely to trigger a cross reaction, as its structure is similar to mammalian gangliosides. Therefore, vaccines that mimic the capsular polysaccharide of N. meningitidis serogroup B are not suitable for development due to the risk of autoimmune disease (13, 14) .
It has been identified in recent years that Neisseria surface protein A (NspA) is a low molecular membrane protein that exists in the surface of all N. meningitidis and consists of 525 nucleotides, whose antigenicity is evolutionarily conservative (15) . Protein crystal structure analysis demonstrated that NspA is composed of eight peptides with an antiparallel β-tubular structure among which, the annular extracellular section forms a relatively prolonged adhesion area. The area is mainly composed of hydrophobic residues and an anchored molecule, and therefore, it is hypothesized that NspA may functionally interact with hydrophobic materials (16 is known that its gene sequence is similar to the opacity (Opa) protein in the outer membrane protein family, and accordingly, it has the function of indirect adhesion to the host cells (17) . Studies utilizing isotope-labeled anti-NspA monoclonal antibodies have confirmed that NspA is located on the surface of complete cells and is one of the most typical membrane proteins of N. meningitidis (18) . Therefore, NspA is considered to be a candidate antigen for the development of a vaccine for epidemic cerebrospinal meningitis caused by N. meningitidis serogroup B.
In the present study, the constructed prokaryotic expression vector pGEX-6p-1/NspA was transfected into Escherichia (E.) coli BL21 to express the rNspA. Humoral immunity and cellular immunity levels induced by purified rNspA inoculated in BALB/c mice were detected and the immunoprotective effect was evaluated to provide a vaccine candidate aganist N. meningitidis serogroup B.
Materials and methods

Materials.
The DNA Ladder (1 Kb), BamHI, NotI and T4 ligase were purchased from NEB (Hitchin, UK). Protein Marker was purchased from Fermentas (Burlington, ON, Canada). Plasmid Miniprep kit and Polymerase Chain Reaction (PCR) Product Purification kit were purchased from Omega (Norcross, GA, USA). Glutathione S-transferase (GST) Purification resin was purchased from Merck KGaA (Darmstadt, Germany). ELISA kit was purchased from eBioscience. N. meningitidis Serogroup B Diagnostic antisera were purchased from BD Biosciences (Franklin Lakes, NJ, USA).
Strains, cultivation and experimental animals. pGEX-6p-1 vector, E. coli strain JM109, Escherichia coli strain BL21 were used as conventional recombinant experiments. N. meningitidis serogroup B strain MC58 was purchased from American Type Culture Collection (ATCC; Manassas, VA, USA). Four-to five-week old, specific-pathogen free female BALB/c mice and newborn rabbits were purchased from the Faculty of Experimental Animals at the University of South China (Hengyang, China). The animals were raised on a normal diet at 25˚C and 50% humidity on a 12-h light/dark cycle. The study was approved by the Ethics Committee of the University of South China (Hengyang, China).
Construction and identification of pGEX-6p-1/NspA. BamHI and NotI were selected as the restriction sites for the upstream and downstream primers, respectively. The NspA fragment was amplified by PCR using the N. meningitidis serogroup B genomic DNA as templates and the primers 5'-CGGGATCCATGAAAAAAGCACTTGCCGCACTG-3' and 5'-TTGCGGCCCGCTAACCGCCGACAGTCGCTAC-3' were used. Following enzyme digestion and ligation, pGEX-6P-1/NspA was constructed. The construct was confirmed by restriction digestion and sequencing.
Expression, purification and identification of rNspA. pGEX-6P-1/NspA was transformed into E. coli BL21 and induced by isopropyl β-d-1-thiogalactopyranoside (IPTG). Following ultrasonication, the supernatant was collected and GST affinity chromatography purification was conducted to obtain purified recombinant NspA protein (rNspA). The rNspA protein was stored at -70˚C after its concentration was detected with the Bradford method. Mouse serum following rNspA immunization was used as the primary antibody and horseradish peroxidase-labeled sheep anti-mouse IgG (Beyotime Institute of Biotechnology, Haimen, China) was used as the secondary antibody. Western blot analysis was used to indentify rNspA.
Model construction of MC58 strain infection.
A total of 40 female 9-10-week old BALB/c mice were randomly divided into four groups, with ten mice in each group. A 0.9% NaCl solution was used to dilute the bacterial suspension. N. meningitidis strain MC58 suspension of optical density (OD) A600=0.005 (a concentration equivalent to 4,000 CFU/ml) was immediately injected into the abdominal cavity of the mice. The control group was injected with phosphate-buffered saline (PBS) of the same amount. Within 72 h following the attack, the disease and survival rate of the mice was monitored. Peritoneal fluid in the dead mice and blood in the surviving mice were obtained to inoculate in chocolate agar plates (BD Biosciences) and within 12-24 h, the growth was observed. Colonies were identified by gram staining, biochemical and specificity PCR amplification.
Animal immunization and specimen collection.
A total of 60 female BALB/c mice (4-5 weeks old) were selected and randomly divided into three groups, with 20 mice in each group. Immunization with 100 µg rNspA (rNspA group), 100 µg GST (GST group), PBS (control group) were administered intraperitoneally. Prior to each immunization, 50 µl of Freund's incomplete adjuvant was added to the mixture, and immunization was performed every two weeks, for a total of three times. The mouse reproductive tract fluid and mouse tail venous blood were collected in week 0, 2, 4, 6 and 8. Following immunization, a suspension of N. meningitidis strain MC58 bacteria was utilized to bacterially challenge the mice. Two weeks following the final immunization, the mice were dissected and the spleens were obtained. A 200 nylon gauze mesh was used for filtering to produce a cell suspension.
Serum bactericidal assay (SBA).
The N. meningitidis strain MC58 suspension was mixed with rabbit complement (Pel-Freez Biologicals, Rogers, AR, USA) at a 1:1 ratio, the mixture was combined with the immune serum in a two-fold diluted concentration and cultured for 1 h at 37˚C. The chocolate agar plates were then inoculated and incubated at 37˚C overnight. At the same time, the diagnostic sera of N. meningitidis serogroup B were used as a positive control and PBS as a negative control. The negative control included bacterial suspension plus complement, inactivated bacteria plus complement, and serum plus bacteria plus heating deactivation complement. Deactivation complement was considered as the reference. For the serum with a bactericidal rate >50%, the reciprocal of the highest dilution multiple was as bactericidal antibody titers of serum antibody.
Immune activity assay. rNspA as the antigen was coated on 96-well plates and vaginal lavage fluid of the mice was obtained. The indirect ELISA method was used to detect specific immunoglobulin A (SIgA) levels induced by the rNspA. The serum of immune mice was collected and the indirect ELISA method was used to detect specific IgG, IgG1, IgG2a, IgG2b and IgG3 antibody levels. A total of 10 µg rNspA was used to stimulate spleen cells of the immune mice and an CCK-8 colorimetric assay was used to detect the proliferation index of the spleen lymphocytes. Three days following cultivation, the cells were collected to perform lysis by ultrasonication. The indirect ELISA method was used to detect the levels of interferon (IFN)-γ and interleukin (IL)-4.
Statistical analysis. All data are expressed as the mean ± standard deviation. Independent sample t-tests were used to perform the comparison in pairs within the groups. Multiple groups were compared using repeated data variance t-test. Statistical analysis was performed using the statistical software program, SPSS, version 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference between values.
Results
Expression, purification and identification of rNspA. The purity and native conformation of recombinant proteins is essential for the mice to be able to produce specific protective antibodies and to reduce non-specific interference. As demonstrated in Fig. 1A , the exploration consequences of induced expression demonstrated that the rNspA had the highest expression in the cell supernatant under the conditions of 30˚C and 1 mmol/l IPTG. By purification of the GST resin, two proteins with molecular weights of 40 and 44 kDa, equal to the estimated values, were observed. As shown in Fig. 1B , western blot analysis with rNspA immune serum as the primary antibody identified two proteins close to 45 kDa. The results indicated that rNspA is effectively expressed in E. coli BL21.
Protective effects of rNSPA and serum bactericidal analysis.
The BALB/c mouse model infected with the N. meningitidis strain MC58 was successfully constructed for the evaluation of specific protective effects induced by the candidate antigens. As demonstrated in Table I , at 72 h, the protection rate of the rNspA group was 85%, while that of the mice in the GST and PBS groups was 0%. The results revealed that rNspA had significant protective effects on mice against the N. meningitidis strain MC58.
The SBA is internationally recommended as the gold standard for the evaluation of serological immune effects, which was used for the detection of functional antibodies with bactericidal activity in serum. As shown in Table I , following SBA method optimization, the serum bactericidal titer of rNspA group reached 1:64 following three immunizations; however, that of the GST group only reached 1:2 and that of the PBS group was 0. The results indicated that rNspA-induced immune serum had a complement-dependent bactericidal effect in vitro and was highly protective in mice against the N. meningitidis strain MC58.
SIgA of mice immunized with rNspA. SIgA levels were detected to determine whether the antigen may activate the mucosal immune system in mice. As revealed in Fig. 2 , the levels of SIgA in the rNspA group demonstrated an upward trend with increasing time; however, the levels of SIgA decreased at week eight. At week six, following immunization, the levels of SIgA of mice in the rNspA group peaked and the antibody titer was ≤1:2,800. The levels of SIgA in the mice in the rNspA group were higher than those of the mice in the GST and PBS groups over the same time period, while no significant difference was identified between the mice in the GST and PBS groups. The results revealed that rNspA may induce high levels of mucosal immune responses in mice.
Humoral immunity in mice immunized with rNspA. The total specific IgG reflected the response levels of mice on humoral immunity and that the types of cell-mediated immunity may be reflected by the IgG subclasses. As demonstrated in Fig. 3 , the levels of IgG, IgG1 and IgG2a in the rNspA group exhibited an upward trend as time increased; however, the levels of IgG, IgG1 and IgG2a decreased at week eight. At week six following immunization, the levels of IgG, IgG1 and IgG2a of the mice in the rNspA group peaked and the antibody titer was 1:8,800, 1:6,400 and 1:5,120, respectively. The levels of IgG, IgG1, IgG2a in the mice in the rNspA group were higher than those in the mice in the GST and PBS groups over the same period, while no significant difference was identified between the mice in the GST and PBS groups. The serum IgG2a/IgG1 ratios in the rNspA group at week 2, 4, 6 and 8 following immunization were 0.795 (0.307/0.386), 0.637 (0.373/0.586), 0.710 (0.490/0.690) and 0.624 (0.414/0.663), respectively. All ratios were <1. The results suggested that the rNspA-immunized mice produced a high level of humoral immune response, which was dominated by the Th2-type. Fig. 3D and E, the IgG2b antibody titers of the mice in the rNspA group reached a peak (1:3,200) at week four. The IgG3 antibody titer of the mice in the rNspA group at week six reached a peak (1:2,800). The levels of IgG2b and IgG3 in the mice in the rNspA group were higher than those in the mice in the GST and PBS groups over the same period, while no significant difference was identified between the mice in the GST and PBS groups. These results suggested that the rNspA-immunized mice produced high levels of IgG2b and IgG3, which may mediate complementary activation and regulation so as to improve the immune defense against N. meningitidis. Cellular immunity levels in mice immunized with rNspA. The immune response state of the spleen lymphocytes in mice immunized with rNspA was determined through detection of the spleen lymphocyte stimulation index (SI). As illustrated in Fig. 4 , following stimulation of the spleen lymphocytes of the mice by rNspA, the SI value of the mice in the rNspA group (1.61±0.04) was significantly higher than that of the mice in the GST (0.63±0.01) and the PBS (0.49±0.02) groups, while no significant difference was identified between the mice in the GST and PBS groups. The results suggested that the immune response of spleen lymphocytes may be activated in the mice immunized with rNspA.
IgG2b and IgG3 have complement-mediated opsonization in the humoral immune response. As shown in
Levels of IL-4 and IFN-γ in the culture supernatant of spleen lymphocytes.
IL-4 stimulates B-cell proliferation and is involved in the differentiation of Th2 cells in the body's immune response. IFN-γ has immunomodulatory functions, which activate macrophages, thus producing cytotoxic effects and improving the activity and cytotoxicity of T lymphocytes. As demonstrated in Fig. 5 , the levels of IL-4 and IFN-γ in the culture supernatant of spleen lymphocytes in the rNspA group exhibited an upward trend as the time increased and at week six following immunization, the levels of IL-4 and IFN-γ in the mice in the rNspA group reached a peak. The levels of IL-4 and IFN-γ in the mice in the rNspA group were higher than those of the mice in the GST and PBS groups over the same period of time, while no significant difference was identified between the mice in the GST and PBS groups. The results revealed that the mice immunized with rNspA produced a certain level of cellular immune responses.
Discussion
N. meningitidis is the pathogen of epidemic encephalomyelitis and predominantly affects children between the ages of six months to two years, who are particularly susceptible due to their underdeveloped immune systems. The mortality rate is high following infection (13, 14) . Currently, among all N. meningitidis groups, the capsular polysaccharide in N. meningitidis serogroup B has a similar structure to that of the human tissue, A B Figure 5 . Detection of levels of IL-4 and IFN-γ in spleen lymphocytes culture supernatant. The spleen cells of mice were obtained two weeks following the last immunization, then the indirect ELISA was used to detect the levels of IL-4 and IFN-γ in the culture supernatant of spleen lymphocytes in each group. ** P<0.01, for the comparisons between the rNspA and PBS groups and between the NspA and GST groups the results were significantly different. Data are presented as the mean ± standard deviation. The values were calculated from three independent experiments. rNspA, recombinant neisseria surface protein A; PBS, phosphate-buffered saline; GST, glutathione S-transferase; IL, interleukin; IFN, interferon. Table I . Immune protection evaluation of BALB/c mice after rNspA immunization. and therefore, a vaccine based on a capsular polysaccharide from N. meningitidis serogroup B may not be used clinically as it may trigger an autoimmune disease. Therefore, to date, an effective vaccine against N. meningitidis serogroup B remains to be developed (3, 4) .
Surviving mice a (n) -----------------------------------------------
The establishment of an animal infection model with N. meningitidis serogroup B significantly facilitates the pathogenic study of N. meningitidis in a host and allows the evaluation of protective effects of specific candidate antigens (19) . The pathogenic factors of N. meningitidis to the animal host include a capsule, fimbriae, immunoglobulin A1 protease and lipooligosaccharides (20) . Mortality ensues following N. meningitidis infection in BALB/c mice (21) , and therefore, BALB/c mice were selected as an animal model for N. meningitidis MC58 infection in the present study. The mortality rates of the animals were observed four weeks following infection and these data were used for evaluation of the immunoprotective effects of rNspA in mice.
As a result of the rapid development of recombinant DNA technology and reverse volcanology, new candidate antigens for N. meningitidis serogroup B are being continuously discovered; in particular, studies have focused on outer membrane proteins (22, 23) . NspA protein is a low molecular membrane protein that exists in the surface of all N. meningitidi. More importantly, NspA protein is highly conserved with stable antigenicity, which are optimal properties for a potential candidate vaccine antigen (16) .
Previous studies have demonstrated that rNspA exists in different forms at different temperatures, e.g. 22 kDa at 95˚C, 16 and 22 kDa at 105˚C and 16 kDa at 125˚C (23) . rNspA is a small protein and its fusion with the GST tag may improve its immunogenicity. In the present study, two distinct bands were identified when rNspA was either treated at 95˚C or 105˚C, which may be explained by the temperature-dependent breakage of disulfide bonds. These results were consistent with the molecular size of rNspA reported by Martin et al (23) .
Previous studies have revealed that rNspA may offer 80% protection against N. meningitidis strain 608B and 100% protection against N. meningitidis strain 164B in mice (24) . A study reported that rNspA may offer 80% protection against N. meningitidis strain H44/76 (25) and the present study revealed that it offered 85% protection against N. meningitidis serogroup B strain MC58. These findings suggested that rNspA induced protective immunity in mice and subsequently reduced mortality in mice. During an in vitro serum bactericidal test, it was identified that the serum immunized with rNspA exhibited bactericidal effects when compared with the GST and PBS immunized mice. The mortality rate of N. meningitidis strain MC58 was >50% using the serum from primary immunized mice at a dilution ratio of 1:32 and following three immunizations. Serum at a dilution of 1:64 also eliminated 50% of N. meningitidis MC58 under the mediation of a complement system.
Mucosa is the first line of defense against invading microbes and secretory IgA effectively neutralizes pathogens (26) . The SIgA titer in the lavage fluid of the reproductive tract was as high as 1:2,800 at week six in the rNspA group, which indicated that rNspA induced efficient local mucosal immunity and provided mucosal protection. N. meningitidis colonizes in nasopharyngeal mucosa and effective mucosal immunity is important for the clearance of N. meningitidis (27, 28) .
The serum IgG titer was as high as 1:8,800 following rNspA immunization in mice and a high level of specific IgG and its subclasses IgG1, IgG2a, IgG2b and IgG3 were detected, which indicated that rNspA may induce enhanced humoral immune responses. Several studies have demonstrated that IgG2a in serum reflects the Th1 cellular immune response and IgG1 reflects the Th2 humoral immune response (29) . Following three immunizations, the IgG2a/IgG1 ratio in serum was always <1, which indicated the rNspA-induced immune response was of the Th2 type. In the cell-mediated immune response, the rNspA group demonstrated an improved effect in activating spleen lymphocytes as compared with the GST and PBS groups. Th1 cells mainly secrete type I cytokines, including IFN-γ and TNF-β, which facilitate Th0 differentiation towards Th1. Th2 cells mainly secrete type II cytokines, including IL-4 and IL-5, which facilitate Th0 differentiation towards Th2 (30) . In the present study, high levels of IFN-γ and IL-4 were detected in the supernatant of mice spleen lymphocytes. These results indicated that rNspA induced cellular immunity and humoral immunity (mainly Th2) that may have a useful protective effect in mice against the N. meningitidis strain MC58.
The complement binding site in Fc fragments of IgG2b and IgG3 is exposed once they are bound to rNspA, which binds Clq and strongly activates the activity of the complement (31, 32) . As principal in vivo opsonin, the Fc fragment of IgG may bind to Fc receptors (FcRs) on the surface of phagocytes and FcR-bound IgG1 and IgG3 exhibit a strong opsonizing activity (33) . High levels of specific IgG, IgG2a, IgG2b and IgG3 were detected in the rNspA group serum and high levels of IgG2b and IgG3 may activate the complement and enhance opsonization and a bactericidal effect (34) . Furthermore, previously reported results demonstrated that rNspA, as an antigen, may induce complement-dependent bactericidal activity and enhance the body's resistance to microbe invasion (24, 26) .
In conclusion, the present study demonstrated that rNspA induced higher and specific mucosal, humoral and cellular immune responses. Furthermore, rNspA-induced antibody regulated complement-dependent bactericidal activity and mediated resistance to the N. meningitidis strain MC58. The present study offers new evidence that may aid in the development of an effective N. meningitidis serogroup B vaccine and further study is required to investigate the potential clinical applications of these results.
